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The development of transmission networks and magnetic components

for the L5 system represents the largest network development project of

its type ever undertaken within the Bell System. Over 200 different coded

designs of networks, requiring in excess of 1+0 man-years of effort, were

required to meet the frequency-selective and signal-shaping requirements

of the system. Despite this effort, neither systems requirements nor systems

schedules could have been met without significant contributions from allied

technologies. This article identifies those technologies and describes design

techniques that have advanced the state-of-the-art capabilities in trans-

mission network and magnetic component design.

I. TRANSMISSION NETWORKS

1.1 Introduction

As in other analog systems, transmission networks of the L5 Coaxial-

Carrier Transmission System perform the indispensable functions of

frequency selection and signal shaping. Without the filtering functions

provided by certain of these networks, the basic multiplexing arrange-

ments on which the system depends could not be realized, nor could

the various fault-locating, equalizing, regulating, and switching pilots

be effectively separated from the message portion of the line signal.

Similarly, without use of the wide variety of equalizers provided, the

amplitude distortions introduced as the signal traverses the line could

not be as effectively corrected. Examples of such equalizers include

line-build-out (lbo) networks to compensate for cable spans shorter

than the nominal one-mile spacing, fixed equalizers to compensate for

time-invariant and predictable effects, and adjustable equalizers to

reduce the unpredictable, statistical variations of the system.
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To complete a listing of system functions performed by the trans-

mission networks of the L5 system would require a tabulation of all

major system functions. Over 200 transmission networks, requiring

in excess of 40 man-years of effort and representing the largest network

development of its type ever undertaken within the Bell System, were

developed for L5. Despite this large and sustained effort, the required

designs could not have been produced without significant advances in

computer-aided design, precision measurement, magnetic components,

and monolithic crystal niters. The purpose of the transmission net-

works section of this paper is to identify those technologies that have

influenced network developments for the L5 system and to describe

certain techniques that have advanced the state-of-the-art capabilities

in network design.

1.2 Network technology

The majority of networks for the L5 system were developed using

classical network synthesis procedures. Insertion-loss synthesis tech-

niques were used exclusively for filter realization, Bode's semi-infinite

slope approximation for lbo networks, cable equalizers and artificial

lines, and constant-resistance bridged-T networks, in various topolo-

gies, for fixed and variable amplitude equalizers. State-of-the-art

advances stemmed primarily from the stringent requirements imposed

by the system rather than from network theoretic developments.

Strong interaction between systems and network engineers, in frequency

allocation and the setting of reasonable guard bands, assisted greatly

in the problem of filter realizability. In practically all cases, develop-

ing techniques for reducing circulating currents, and developing prac-

tical design procedures for the compensation of parasitics were a

necessary adjunct to the physical realization of manufacturable

networks.

7.3 JMX modulation filters

The development of modulation filters for the jumbogroup multiplex

terminal (jmx) 1 is typical of that for the many filter designs produced

for the L5 system. Figure 1 is a simplified block diagram of the jmx

terminal as viewed by a networks designer. The modulation scheme

is typical of most analog multiplex systems except for the multiple-

modulation steps. Although the double and triple steps of modulation

increase the number of filter designs required, they reduce the com-

plexity of the individual filters. The final circuit and networks objec-

tives were the result of extensive discussions between systems and
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networks engineers with the goal of optimizing the trade-off between

frequency-spectrum utilization and the setting of adjacent jumbogroup

guard bands.

As a result of such discussions, typical filter transition bands ap-

proximated a reasonable 10 percent, which allowed the use of small

slug-tuned, air-core inductors having a maximum quality factor (Q)

of approximately 150. All 14 of the filter designs—10 complex bandpass,

3 low-pass, and 1 low-pass-high-pass filter—are equal-ripple insertion-

loss designs. The degree of the filters ranged from a minimum of n = 7,

for a simple low-pass filter having a relatively low stopband objective

and a wide transition band, to a maximum of n = 20, for a more

difficult bandpass design having an 80-dB discrimination objective

across the unwanted sideband. Figures 2 and 3 show the schematic dia-

gram and measured characteristics, respectively, of one of the more

complex bandpass filters.

The initial design phases were concerned with the optimization of

the filter designs for practical element values, low passband delay

distortion, good out-of-band performance, and acceptable inband

return loss. Versatile insertion-loss synthesis, pole-placing, and analysis

programs were available. 2 Some of the features of the programs found

particularly useful during the design stage were: (t") the ability to

choose arbitrary stopbands with Chebychev passband behavior, (m)

the ability to order loss peak removal to optimize element values, and

(in) the automatic computation of network characteristics subsequent

to the solution of the synthesis problem.

Extensive use was also made of available programs to minimize

the delay distortion contributed by the modulation filters for any

future application of the jmx terminal to data systems. Theoretical

cutoffs were placed as far into the transition region as possible without

unduly increasing the degree of the filters or making the element

values impractical. This modification of the designs achieved up to a

50-percent reduction in delay distortion over the desired portion of

the passband with only a 10-percent increase in the complexity of the

filters.

As a result of the jmx modulation arrangement, the carrier, in many

cases, fell close to the passband edges, making it impossible (with the

extended theoretical cutoffs) to adequately suppress the carrier leak.

Quartz crystals, as shown in the schematic of Fig. 2, were therefore

introduced in various shunt branches to suppress the unwanted

carrier. Highly stable, high-Q, AT-cut crystals, designed for maximum

suppression of unwanted responses, were used. Other components
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Fig. 3—Characteristics of typical jmx bandpass filter, (a) Component of loss

contributed by crystals at 42.496 MHz. (b) Stopbandloss. (c) Return loss, (d) Pass-

band loss.

included adjustable air-core inductors and dipped-mica and tubular

capacitors. These components were mounted on printed wiring boards

(pwb's) and packaged in sealed enclosures.

Laboratory development of the jmx networks was a difficult and

lengthy process because of the wide bandwidths and high frequencies

involved. Precision scanning network analyzers were used widely in

the initial stages of development, but in all instances the computer-

operated transmission-measuring set3 (cotms) was used for final

characterization.

1.4 Monolithic crystal bandpass filters

Monolithic crystal filters4 have found wide application in the L5

system as narrow-band pick-off filters and as wide-passband band-
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elimination structures. The monolithic crystal filter was first intro-

duced in the Bell System plant as simple two-resonator bandpass

filters for carrier-supply applications 5 in the L4 coaxial system. For

the L5 system, over 40 designs, ranging in frequency from less than 3

MHz to nearly 100 MHz, were required for both bandpass and band-

elimination applications. To cover this frequency range, fundamental

and third-overtone crystal designs were necessary, and multiresonator

filtering arrangements were provided to meet the high out-of-band

suppression requirements.

The monolithic crystal filter, in its most elementary form, consists

of a quartz plate with an array of two-electrode pairs placed on its

major surfaces, with each pair establishing a resonator system. The
resonators are acoustically coupled via the elastic quartz plate. If

the quartz plate, electrode pairs, and acoustic coupling are properly

proportioned, a self-contained, two-port piezoelectric device, having

prescribed filtering characteristics, results. Higher-order filter func-

tions may be obtained by deposition of multielectrode pairs on an

extended quartz plate, with adjacent resonators acoustically coupled.

As an extension of this arrangement, multiple quartz plates may be

used, with adjacent resonators (on facing quartz plates) coupled

electrically (capacitively) . A third alternative, the composite mono-

lithic crystal filter, uses lc filter sections to couple individual two-

resonator monolithics. The latter approach was used exclusively in

the design of more than 30 monolithic crystal bandpass filters for L5

applications. Impedance-matching sections necessarily were included

in these designs to match the impedances of the coupled-resonator

designs to specified source and load impedances. This combination

of lc coupling networks, lc impedance-matching networks, and two-

resonator monolithics led to the concept of the monolithic crystal

filter (mcf) as a two-port, building-block device available for inclusion

in some larger frequency-selective network. 6 - 7

Before describing those methods of design peculiar to the composite

mcf, a more detailed summary of methods of deriving higher-order

filter functions is required. Figure 4 shows the three different tech-

niques described above. In each instance, an impedance-matching

network is indicated at the input and output ports of the networks.

These may or may not be required. Figure 4a shows the multiresonator

mcf on a single piece of quartz with the interresonator coupling

supplied by the built-in acoustic coupling properties of the device

itself. To avoid acoustic coupling of certain unwanted modes, the

approach indicated in Fig. 4b is sometimes advisable. In this instance,

the single plate of Fig. 4a has been split into two parts and the facing
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Fig. 4—Methods of deriving higher-order filter functions, (a) Multiorder mono-
lithic filter with acoustic interresonator coupling, (b) Multilithic filter with acoustic

and electrical interresonator coupling, (c) LC network coupling of two identical mcf's.

pairs of electrodes electrically coupled by the capacitor are shown in

the figure. The present design of the A6 channel-bank filters8 uses this

technique. The third method of realization is represented in the

schematic of Fig. 4c. This schematic emphasizes the concept of the

mcf as a two-port, building-block device employing supplementary

lc filter sections (coupling networks) and impedance-matching net-

works for realization of a particular transfer function. In all three

examples shown in Fig. 4, the classical work of Dishal9 provides closed-

form solutions in the design of narrow-band bandpass filters to exact

amplitude characteristics.

In view of the importance of the building-block concept to the

design of composite mcf's, devices and filter sections required for

filter realization are shown in Figs. 5 and 6. Emphasizing the role of

the mcf as a two-port device in composite-filter design, schematics

for the basic and reversed-phase connections of a symmetrical, two-

resonator mcf and their equivalent circuits are shown in Fig. 5. The

associated lc networks required in a composite filter design are shown
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in Fig. 6. These include both impedance inverters and impedance-

matching networks. The impedance inverters are shown in their T- and

pi-configurations and consist of positive and negative capacitive

elements. In the final network design, the negative capacitances shown

in the figure are either absorbed in positive capacitances existing

within the network, or are approximated in a narrow-band sense by

inductances.

The impedance-matching networks of Fig. 6 are shown in their

L-configurations. It is important to note that the shunt elements of

these networks must also be designed to "absorb" the input or output

static capacitances of the associated mcf's.

Given the equivalent circuits of Figs. 5 and 6, design techniques

applicable to multiresonator bandpass filters become readily apparent.

A familiarity with the theory of coupled-resonator design, however, is

assumed. References 9, 10, and 11 provide excellent introductions to

the theory. Starting with a general n-resonator structure, the equiv-

alent, composite mcf is easily derived by a series of network de-

compositions as shown in Fig. 7. A filter design having equal inductance

values throughout the structure is indicated. As shown in the figure,

impedance inverters, having element values corresponding to the

shunt capacitances of the structure, have been introduced into the

circuit at each of the shunt branch points. Certain sections of the

L
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M
L

(a)

#

^
CCnM ATODRESONATOR ' ACOUSTIC ' RESONATOR

1 COUPLING 2

C 1 ~ CM
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Fig. 5—Schematics and equivalent circuits of monolithic crystal filters, (a) Basic

bandpass filter, (b) Reversed-phase bandpass filter.
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Fig. 6—Narrow-band impedance inverters and impedance-matching networks.

resulting network can be identified as individual, two-resonator

mcf's. Impedance inverters coupling the mcf's are also easily identified.

If a composite filter design is sought, the impedance inverters indicated

in the figure must be changed to their equivalent pi-configurations and

the negative capacitance appearing in the series arms replaced by

equivalent inductances on a narrow-band approximation basis. The

final circuit arrangement is shown in the lower schematic of Fig. 7.

It should be noted that, for the composite filter structure comprised

of individual two-resonator mcf's, the design must be constrained to

an even number of resonators.

The insertion-loss characteristic of a composite monolithic crystal

bandpass filter, designed for use as a pick-off filter in the regulating

repeater of the L5 system, is shown in Fig. 8.
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posite, monolithic crystal filter structure, (a) n-resonator bandpass filter

Equivalent, composite, monolithic crystal filter, (c) Final composite filter.
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(b)

7.5 Monolithic crystal band-elimination filters

Although the development of the monolithic crystal bandpass filter

was first reported in early 1965, it was not until approximately three

years later that the first disclosure of the monolithic band-elimination

filter (bef) was made. Two types of monolithic bef 12 may be derived

from monolithic crystal bandpass filters simply by the addition of

inductive or capacitive elements connected across the ungrounded

electrodes of conventional two-resonator monolithics. Different connec-

tions of the mop plates, however, must be used to effect proper phase

relations in the two types of filter. These phase relations are obtained

by use of the basic or the reversed-phase connections previously
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Fig. 8—Example of 42.880-MHz, monolithic crystal, bandpass filter.

shown for the bandpass filter of Fig. 5. Network schematics and

equivalent circuits for the inductor- and capacitor-derived bef's are

shown in Fig. 9.

For the inductor-derived filter, the reject frequency occurs when the

magnitude of the reactance of the bridging inductor equals that of

the acoustic-coupling capacitors of the mcf. This reject frequency

occurs at the center frequency of the bandpass filter. For the capacitor-

derived filter, the reject frequency is obtained when the magnitude of

the bridging capacitance is made equal to that of the acoustic-coupling

capacitors.

The band-reject properties of either type of bef are easily demon-

strated by application of Bartlett's bisection theorem. The equivalent

lattice of either network is first derived from the open and short-

circuited impedances of the bisected network. Combining the re-

dundant elements in the series and lattice arms of the lattice and
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plotting reactance as a function of frequency, the passbands and

stopbands can be readily identified. For the inductor-derived filter,

the insertion loss characteristic includes a passband on either side of a

reject band, with a second reject band extending to infinity beyond

the second passband. The inductor-derived monolithic bef is, therefore,

a bandstop filter imbedded in a low-pass filter. The capacitor-derived

filter, however, is a bandstop filter imbedded in a high-pass structure.

For practical applications, the inductor-derived filter exhibits

superior passband performance compared to its capacitor-derived

counterpart. Consequently, the remaining discussion of the monolithic

bef will be restricted to the inductor-derived circuit. The initial

design procedures, used successfully on both single-section and multi-

section monolithic bef's, were based on dividing the frequency

spectrum into two regions : (i) the stopband, over which the motional

reactances of the mcf change rapidly as the crystal passes through its

resonances, and (it) the passband, over which the motional reactances

of the mcf are sufficiently high to be considered as open circuits. The

extreme stiffness of the resonators makes it possible, therefore, to

attribute the frequency response, above and below the narrow stop-

band, solely to the low-pass filter section of the network. The narrow

Lx

-c,i<n
qr L—

-

o— —

o

SCHEMATIC

ne

i
SCHEMATIC

Cy = C n

EQUIVALENT CIRCUIT

(a)

EQUIVALENT CIRCUIT
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Fig. 9—Monolithic crystal, band-elimination niters, (a) Inductor-derived filter,

(b) Capacitor-derived filter.
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stopband, however, is controlled by the interactions of the mcf and

the bridging inductor.

Single-section and multisection, inductor-derived, monolithic crystal

bef's, shown schematically in Fig. 10, may therefore be designed

using standard low-pass synthesis techniques to meet passband

requirements. The narrow reject band is formed by adding an esti-

mated number of mcf's, with each monolithic bearing the proper

relationship to the corresponding bridging inductor. The stopband

performance can then be evaluated from an equivalent-circuit model

of the entire network with crystal units being added or removed until

the desired characteristic is obtained.

An alternative design technique to that outlined above results in a

closed-form synthesis procedure in which a set of filter requirements

such as passband ripple, cutoff frequency, and stopband bandwidth

are related directly to the set of equivalent circuits shown in Fig. 11.

This figure clearly delineates the low-pass and monolithic-crystal

sections of the composite filter.

o o-

__prYv^__

-o o ~wr ,

BEF SCHEMATIC PASSBAND
MODEL

STOPBAND
MODEL

(a) SINGLE-SECTION FILTERS

L_I T T
BEF SCHEMATIC AND STOPBAND MODEL

PASSBAND MODEL

(b) MULTISECTION FILTERS

Fig. 10—Inductor-derived, monolithic crystal bef's. (a) Single-section filters, (b)

Multisection niters.
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Writing the cascade matrix for each of the component networks

of the composite structure, the complete matrix may be formed by

converting each of the component matrices to its equivalent admittance

form, adding the two resulting matrices and converting the sum back

to the cascade form. Such a procedure is essentially routine and

provides little insight into the synthesis procedure. If, however, these

matrices are expressed in terms of dimensionless parameters13 and a

normalized frequency variable, the elements of a synthesis procedure

become apparent. In each instance, the several dimensionless param-

MCF SECTION

EQUIVALENT CIRCUIT OF INDUCTOR-DERIVED, MONOLITHIC
CRYSTAL, BAND-ELIMINATION FILTER

DIMENSIONLESS
PARAMETER

e = 1-o> 2Lc Cc

D = R/(o Lc

L = (L, + L2 )/ Y L,L2

DEFINING NETWORK
SECTION

LOWPASS FILTER

LOWPASS FILTER

BEF COMBINED ELEMENTS
FROM LP AND MCF
SECTIONS

MCF

NORMALIZED FREQUENCY

n/K 12,WHERE Q = f/f - f
0/f = 2(f-fo )/f

*

ANDK, 2
= 1/(o> 2 Cm Y L, L2 )

• NARROWBAND APPROXIMATION

DIMENSIONLESS PARAMETERS AND DEFINING NETWORK SECTIONS

(b)

Fig. 11— (a) Equivalent circuit of inductor-derived, monolithic crystal, band-
elimination filter, (b) Dimensionless parameters and defining network sections.
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eters are identified with the component low-pass and mcf's as shown

in Fig. 11. The approach described has the further advantage of

giving insight into previously unexplained asymmetries that occur in

these designs. As a matter of interest, the cascade-matrix approach to

network design has also been used to advantage in the design of

mechanical filters. 14

A complete discussion of the cascade matrix approach to the design

of composite monolithic crystal bef's is beyond the scope of the

present paper; however, the usefulness of the method in describing

seemingly anomalous behavior will be illustrated. A particularly

interesting example is that of a two-resonator monolithic bef having

an asymmetric stopband and a Butterworth passband with selected

parameters e = 0.5, D = 1 (see Fig. 11), and with f < feo, where f„

is the reject frequency and fco is the cutoff frequency of the low-pass

filter. The resulting characteristic of this design is shown in Fig. 12.

The solid-line plot is the insertion-loss or stopband model predicted

on the basis of the foregoing development. The dashed-line charac-

teristic is that of the Butterworth low-pass filter, and the circled

points indicate the characteristic as derived from computer-based

mesh analysis of the complete equivalent circuit. Two transition re-

gions are to be noted: the first, below the reject frequency, /„, and the

second, above the reject frequency. In the region below the lower

transition region and above the upper transition region, the circled

points fall almost exactly on the computed characteristic of the low-

pass filter by itself. In the region indicated as the stopband model

region, the characteristic predicted by the cascade-matrix method of

analysis is duplicated. In the transition regions, however, the approxi-

mation is not nearly as good. To simplify the analysis, it was assumed

that the reactances of the low-pass filter remained constant in a

narrow-band approximation. This approximation breaks down, how-

ever, over the transition and passband regions of the bef. The results

of the mesh-analysis computer runs, nevertheless, agree with the

predicted characteristic in the stopband to at least three significant

figures. The smoothest transition regions are attained in symmetric

stopband designs when the reject frequency is placed at an insertion

loss zero of a Chebychev low-pass filter. This is illustrated in Fig. 13

for the case of a 0.1579-dB ripple Chebychev passband.

Requirements for some of the bef's specified for the L5 system

included both high-loss stopbands (50 to 80 dB) and very wide pass-

bands (approximately 70 MHz), coupled with low-distortion and

high-return-loss requirements. Using Chebychev low-pass filters to
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model the low-pass section of the composite filter, it was found possible

to meet all systems requirements. A specific example of design capa-

bility is given in Fig. 14 for a 42.880-MHz bef, using three two-

resonator monolithics imbedded in a ninth-order Chebychev low-pass

filter. This low-pass filter was designed at an impedance level of 450

ohms to achieve optimal inductance values for the mcf's. The filter

was then matched to the 75-ohm source and load impedances by use

of auto-transformers, as shown in the figure. Impedance-matching

sections, previously described for bandpass designs, could not be used

because of the narrow-band approximations involved. To meet the

passband insertion-loss deviation requirements of ±0.05 dB from flat

response over the entire frequency range of the L5 system, a simple

bridged-T amplitude equalizer was also required.

I WV

NETWORK SCHEMATIC

MHz kHz FROM fQ

FREQUENCY

MHz

Fig. 14—Example of 42.880-MHz pilot-blocking filter.
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1.6 Adjustable Bode equalizers'5 '6

In the L5 coaxial system, a total of 28 adjustable bump shapes are

provided to correct for time-invariant amplitude distortions. 17 Ten of

these shapes are allocated to the El equalizer for coarse correction of

distortions introduced by variations in the manufactured product.

The remaining 18 shapes are provided by the E2 equalizer to correct

whatever residual distortions remain after employment of all lower

levels of equalization, including the El equalizer.

The majority of bump shapes are realized by series-type, multi-

bump, adjustable Bode equalizers. The remainder are supplied by

shaping networks introduced into the feedback paths of isolating

amplifiers. The amplifiers buffer the input and output ports of each

Bode network and supply gain to offset the losses introduced by the

equalizers. Each of the multibump equalizers, however, introduces no

more flat loss than would have been introduced by any one of the several

single-bump equalizers required to duplicate its performance. With

a reduction in the number of Bode networks, the number of isolating

amplifiers is also reduced. This, in turn, results in a reduction in inter-

modulation and thermal noise. Finally, the introduction of shaping net-

works into the feedback of the isolating amplifiers also reduces the

number of Bode networks required. The net effect of all these consider-

ations is to improve reliability, to reduce cost, and as previously in-

dicated, to reduce intermodulation and thermal noise.

All of the multibump Bode networks supplied for the El and E2

equalizers were derived from extensions of the simple series-type

adjustable network of Fig. 15a. The basic shaping network, as indicated

in the figure, is the bridged-T equalizer. Figure 15b shows the range

of insertion-loss shapes that may be obtained by variation of load

resistor, Ra .

As demonstrated by Lundry, 18 the insertion loss of the generalized

Bode network of Fig. 16a can, to a good approximation, be expressed as

6- 6 = K- Pae-
2
*, (1)

where

<j> = the image transfer constant of the bridged-T network

8 = the insertion loss of the adjustable equalizer

6 = the insertion loss of the equalizer when Ra = R a

_ . . 6 e
6° - 1

k = 2 tanh ^ = ^r+1

pa = reflection coefficient of Ra against R .
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Fig. 15—Series-type, single-bump, adjustable, Bode equalizer, (a) Schematic,

(b) Characteristic.

Equation (1) can also be expressed as

6 - d = K-p(f), (2)

where p(/) is the input reflection coefficient of the shaping network

relative to R and is a function of frequency. Considering only the real

TRANSMISSION NETWORKS 2223



pjfl

CONSTANT-R
SHAPING NET
BRIDGED-T

1 >

—

r

VARIABLE TERMINATION

IMAGE IMPEDANCE = R

TRANSFER CONSTANT =

-SYMMETRY RESISTOR

|
Z, N = INPUT IMPEDANCE

I ee = 1+Z,/RT
1

RT = RS+R LL

FREQUENCY

Fig. 16— (a) Series-type, single-bump, Bode equalizer, (b) Series-type, double-

bump, Bode equalizer, (c) Bump characteristic, H (/).

part of eq. (2), the insertion loss can be written as

a(dB) = a, + Re |>p(/)], (3)

where a is the insertion loss of the structure when Ra = R . Since

a and k are constants, it is only necessary to consider p(/).

To realize a single-bump shape with the network of Fig. 16a,

Re |p(/) |
is required to have the form

Re|p(/)| =HU)f>'(Ra), (4)

where H(f) is a bump-shaped function of frequency (Fig. 16c), and

p'(Ra) is a function of a single resistor, independent of frequency.

2224 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1974



Similarly, to realize a double-bump shape with the network of Fig.

16b, p{f) will have the form

Re \p{})\ = Ha {j)p'a{Ra ) + Hh(f)*(R h), (5)

where the subscripts a and b refer to two separate bump shapes. Both

Ha (f) and H b (f) have the shape indicated in Fig. 16c. For the type of

designs discussed here, it is required that these shapes be in distinct

frequency bands. Ra and Rb provide independent control of the two

shapes.

One method of realizing eq. (5) is to use bridged-T sections as

shaping networks. To demonstrate this, a general expression for the

input reflection coefficient of a bridged-T network is required. Referring

to the schematic of Fig. 17b, which is an unconventional arrangement

of the circuit of Fig. 17a, the scattering matrix19 of the network, with

Zi • Zi = Rl, is given by

6i

b 2

b 3

b*

SnU) Su(f)

SM) 8u(f)

Su(f) Su (f)

Su(f) Su(f)

Oi

a 2

a 3

(6)

where a,- and 6, refer to the incident and reflected voltage waves at the

z'th port, respectively, and

Su = (1 + Z2/R0)-1

Su - (1 + Z 1/R )~K

The reflection coefficient p(j) = 61/01, looking into port 1 of the

network, must now be determined. Ports 2 and 4 are terminated in

impedances whose reflection coefficients are pz{f) and pi(f), respec-

tively. Assume port 3 is terminated in R ,
and as a result, p 3 (f) = 0.

©OJO© O
O ©

©

©
(a) (b)

Fig. 17—Bridged-T networks with ports 1 through 4 open-circuited, (a) Con-

ventional, (b) Unconventional.
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Thus, the port relationships are

0-2 = P2(/)&2

a4 = Pi(f)bi (7)

a 3 = 0.

These port relationships, together with eq. (6), lead to

p(/) =S?2 (/)-p2 (/) + S?4 (/)-p 4 (/). (8)

Terminating port 2 in R and port 4 in Ra leads to

P (f) = SWMR*),
where pt(Ra) has been substituted for p 4 (/), since a resistive element

has replaced a frequency-dependent impedance. This has the form of

the reflection coefficient for a single-bump shape defined by eq. (4).

The single-bump network, based on the unconventional bridged-T

network of Fig. 17b, is shown in Fig. 18a.

Because Z X Z2 = R2
, Si2 (f) and Su (f) are related by

Su (f) + S 12 (f) = 1. (9)

Assume that the shaping network is such that Re [*Sfi4 (/)] is a bump
shape centered at frequency fa . As a result, Su ~ 1 in the vicinity of

fa and su tt elsewhere. From eqs. (8) and (9)

Sia (/) • Pi (Ra) (in the vicinity of fa)

SUf)-P*U) (elsewhere).

In this way, ports 2 and 4 are decoupled.

The term S'ii(f)-Pi(Ra) represents a bump shape. As a result, half

of the desired equation, (5), has been realized. To realize the second

bump shape, p 2 (/) is made the input reflection coefficient of a similar

shaping network whose center frequency is fb ,
with fb <$C fa or fb ^> /a .

Networks having the assumed properties for £>i4 are shown for a two-

bump equalizer in Fig. 18b. For this network,

pU) = S?2a (/)£?46 (/) P46W + Slia (f) Pia (Ra). (10)

Equation (10) is now in the proper form to realize the defining

equation, (5), of the double-bump equalizer. The equivalence of the

two equations becomes apparent when the following substitutions are

made in eq. (10)

:

Re[SU/)-S?46 (/)]p46(fl6) = H b (f)P
'

b(Rb)

and

Re DS?4a(/)]p4a (Ra) - Ha (f)p'a(Ra).
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(c)

Fig. 18—Shaping network for adjustable bridged-T Bode equalizers, (a) Single
bump, (b) Double bump, (c) Triple bump.

The technique described above can be easily extended to the realiza-

tion of "n" independent bump shapes. The method becomes more or

less obvious when the circuit diagrams of Fig. 18a, b, and c, for single-,

double-, and triple-bump equalizers are compared.

1.7 Computer-aided network tuning applied to \f regulating network

One of the more recent applications of digital computers is computer-

aided tuning of complex networks in manufacture. Without on-line

computer adjustment, the rf regulating network of the L5 system

could not have been manufactured without relaxation of the perform-

ance criteria by a factor of several times, cotms provided an ideal

facility for implementing the alignment algorithm described here.

To compensate for changes in cable loss relative to ground-tempera-

ture variations, regulating repeaters are placed in the L5 line approxi-

mately every 5 to 7 miles. 17 Relative to nominal cable loss at mean
ground temperature, both gain and loss compensation are required

according to whether the temperature is above or below mean tem-

perature. In either case, the shape, on a dB (log) basis, is proportional

to the square root of frequency. The networks that provide the compen-

sation, as in the L4 system,20 are thermistor- and pilot-controlled,

wideband, square-root-of-frequency Bode networks. They differ from

the L4 designs, however, in that buffering amplifiers are included as

integral components of the networks, as shown in Fig. 19. Design
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EQUIVALENT
CIRCUIT

Fig. 19—Simplified schematic of square-root-of-frequency Bode network.

considerations, however, are basically the same and are not

reconsidered.

Three measurements are required to fully characterize the network

:

(i) at high-loss setting, (it) at nominal setting, and (in) at low-loss

setting (see Fig. 20). The dynamic errors may be defined as

eH (f) = A„U) - AN (f) - -KW/dB (11)

eL (f) = A L(f) ~ AN {S) + tfW/dB, (12)

where AH (f), AN (f), and A L (j) are loss measurements in the high-,

nominal-, and low-loss conditions, respectively, and KH and KL are

determined by requiring the error to be zero, by definition, at the pilot

frequency of 42.88 MHz. The static error may be defined as

eN = AN (f) - A R {f) dB.
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A R {f) is the expected loss in the nominal condition, which, because of

parasitics, gain shaping in the amplifiers, and interaction effects, is not

flat with frequency. Deviations from the ideal flat shape, however,

have the same effect as deviations from the nominal characteristic

of other components in the transmission path and may be corrected

by fixed and adjustable equalizers available in the system. Since

comparable dynamic equalizers are not available, more stringent

requirements are placed on the dynamic performance of the Bode

equalizer than on the flat or reset shape.

The necessity of requiring three loss measurements, corresponding

to three thermistor settings, to characterize network performance,

precludes the use of conventional methods for compensating parasitic

variations in the amplifiers and the network during manufacture. As

it is not possible to guarantee network performance from easily

measured amplifier parameters, the alignment procedure must correct

for both network and amplifier variations. Since the amplifier is not

adjustable, the network must provide tuning capabilities for both

shaping and amplifier compensation. Simple prescription of element
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Fig. 20—Square-root-of-frequency Bode-network characteristic.
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values or adjustment of resonances would not provide this capability.

Furthermore, an adjustment in a network component usually affects

all three shapes, making adjustment on a scanner too difficult. Thus, a

more sophisticated procedure is needed.

Since the amount of adjustment needed is small, but the allowed

deviations even smaller, linearization has proved to be valid. The
error after adjustment, enA (f), can therefore be expressed as:

eBA(f) = em(f) + L xAhjU) dB, (13)
3

where e///(/) is the initial error, Aiij(f) is the normalized deviation

caused by the jth. component, and Xj is the amount of the deviation

used for adjustment. Similar relations hold for the nominal- and low-

loss errors. The composite error may be defined as the summed weighted

squares

:

e> = E [*(/) + elU) + We%(f)J (14)
all/

A weighting W less than unity allows a larger error in the nominal or

reset shape than in the dynamic errors e# or zl. Given an initially

determined set of errors for the three conditions, over an appropriate

frequency band, a set of parameter deviations Xj may be found that

minimizes e2 , using the so-called least-sum-of-squares procedure. This

procedure is well known and only requires the solution of a set of

simultaneous linear equations.

Unfortunately, in practice, the unconstrained solution often requires

an adjustment greater than the adjustable components can provide.

Thus, it was necessary to include a search for the best constrained

solution. The method chosen uses gradient information to determine

if a parameter must violate the constraints to lessen the summed-
squares error, e

2
. Other than being iterative, the method does not

require any information beyond that obtained from the least-sum-of-

squares procedure. While inclusion of the constraint algorithm con-

tributed to the success of the program in manufacture, a complete

description is omitted because of space limitations. It is necessary, of

course, to preset the adjustments to a prescribed condition, prior to

alignment, to correspond to bounds stored in the program.

Programming for the constrained least-sum-of-squares algorithm

was added to a streamlined measurement program for cotms. The

computer controls the measurement sequence and the alignment

procedure automatically. The only manual tasks required during

tuning are to switch the network into the different conditions and to

turn the slugs on the adjustable components. Measured, rather than
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Fig. 21—Deviations in error with element adjustment in square-root-of-frequency

Bode network, (a) LI. (b) C4. (c) L5. (d) L3.

computed, deviations from a typical network are used due to the

parasitic modeling problem. Because adjustments are effected on a loss

basis, it is neither necessary to count turns of the adjustable inductor

slugs nor necessary to measure inductance.

The deviations in the high-, nominal-, and low-loss shape errors,

caused by variations of four components, are shown in Fig. 21. The

curves for inductor LI, for example, show the deviation in the errors

corresponding to a 0.1-dB change at 70 MHz in the nominal- or flat-
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loss-setting response. The result of the alignment algorithm is a

percentage of this deviation. For example, if the multiplier x, of eq.

(13) is determined by the least-sum-of-squares procedure to be 1.32,

multiplication of inductor LI sensitivity (0.1 dB) by this number
results in 0.132 dB. Inductor LI must, therefore, be adjusted for a

0.132-dB change in loss, at 70 MHz, to effect the optimum tuning of

that element. For inductor L3, the maximum deviations from flat

response occur at approximately 20 MHz over the 1- to 70-MHz
frequency range. This inductor is, therefore, tuned at that frequency.

Six adjustable components are included in the program. Only one

measurement, adjustment, and remeasurement iteration proved

necessary for the adjustment of the networks for optimum performance.

"Before" and "after" adjustment error curves are shown in Fig. 22.

0.05
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eHIGH ^-_
/(b)

e LOWII 1 1 1 1 1 1
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-0.2 -

€ FLAT (C)

0.1 -
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J L
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FREQUENCY IN MHz

Fig. 22—Network errors before and after adjustment, (a) Before adjustment, (b)

After adjustment, (c) Before adjustment, (d) After adjustment.
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The computer-aided-adjustment program has proved its value

during the several years of manufacture of the regulating network.

Without cotms, this approach would not be feasible. Without com-

puter-aided adjustment, the dynamic regulating objectives for the L5

system could not have been met.

7.8 Deviation equalizers17

In a system having as complex an equalization arrangement as L5,

the possibility of advantageous interactions among equalizers in the

complete hierarchy of equalization must be considered in any one

design. An example of such design considerations is the design of the

relatively simple, fixed-loss, deviation equalizer. This equalizer

compensates for the average error in the match of average-line-repeater

gain to nominal cable loss. Three deviation equalizers are installed

in each power-feed section.

Initial evaluation of the design led to the conclusion that require-

ments could be met with an equalizer consisting of two valley-shaped

and two bump-shaped bridged-T equalizer sections connected in

tandem, as shown in Fig. 23. It was necessary, however, that the

design be optimized so that the equalizer, in combination with the El

and E2 adjustable networks, would provide optimum compensation.

This was achieved using the general-purpose optimization program

(gpop) tied together with an El, E2 simulation program.21

The El, E2 program contains the measured response of all the bump
shapes included in the El and E2 equalizers. With approximately 15

i VW AAA/ 1

AAA/ 1 i
Wv

Fig. 23—Deviation equalizer, (a) Valley-equalizer sections, (b) Bump-equalizer
sections.
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percent of each El and E2 bump allotted to the deviation equalizer,

optimization resulted in an equalizer characteristic having deviations

from ideal placed at frequencies where the El and E2 adjustable

equalizers could best supply shaping to reduce the overall misalignment.

The El, E2 simulator package simulated the iterative process that a

craftsperson would use in the field in making system equalization

adjustments. This yielded an effective design which has led to excellent

results on equalized lines.

7.9 Physical design

Although essentially every transmission network for the L5 system

provided its own challenges in physical realization, the majority of

challenges related to compensation for parasitic inductance and

capacitance, to minimization of ground loops, and to reduction of

coupling between components. Environmental protection was provided

by drawn or fabricated metal enclosures with internally mounted

pwb's for supporting and interconnecting the individual circuit com-

ponents. External connections were, in most instances, made by use

of moisture-resistant plugs or jacks.

In several instances, however, substantially greater physical-design

effort was involved. Two examples of such design effort are: (t) the

design of the shaping networks of the line repeaters, and (ii) the

physical design of the earth-ground filter.

The shaping networks of the basic, regulating, and equalizing

repeaters were specifically designed to reduce excess low-frequency

gain, to furnish surge protection, and to provide the power-separation

filtering requirements of the L5 repeaters. Figures 24a and b show the

schematics of the low-frequency A and B networks. The circuit

diagrams identify those portions of the networks concerned with the

different circuit functions. The network schematic of the bridged-T

equalizers used to obtain the desired insertion loss is shown in Fig. 24c.

The physical design of the shaping networks required considerable

interaction with system engineers. For overall efficiency and economy

of space utilization, the surge-protection and power-separation

circuits were included in the shaping-network package. As indicated

in the photograph of Fig. 25, the two networks were placed side by

side in the lower section of the basic repeater housing. Requirements

on rf isolation, between input and output ports of the repeaters, led

to the use of cast-aluminum housings for packaging the shaping

networks. These housings, in turn, furnished the necessary mechanical
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Fig. 24—Low-frequency shaping networks, (a) Network A. (b) Network B. (c)

Bridged-T network schematic.

rigidity to meet the ±0.025-dB tolerance on insertion-loss shape as

specified for manufacture.

The earth-ground filters of the line repeaters, shown in the photo-

graph of Fig. 25, with their coaxial jacks protruding from the repeater

housing, perform several important functions. Despite the seemingly

simple electrical circuit shown at the input and output ports of the

simplified block diagram of the basic repeater of Fig. 26, the earth-

ground filter must

(i) Provide high-voltage dc blocking between earth and repeater

ground.

(ii) Maintain a low-impedance return path between the grounds

for all frequencies in the L5 band.
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Fig. 25—Earth-ground filters and shaping networks in repeater housing.
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(Hi) Provide a low-pass filter characteristic with a minimum of

120-dB isolation between repeater input and output (through

the ground return) for signals in the L5 band.

(iv) Carry the L5 line frequencies and the dc powering current with

a minimum of amplitude distortion.

The physical design of the earth-ground filter22 presented a design

challenge. As shown in Fig. 27, the filter contains two coaxial chokes in

the form of ferrite toroids and three high-voltage, high-reliability,

dual-dielectric capacitors packaged in a sealed enclosure. The filter,

minus the coaxial plug, is impregnated with polyisobutylene and

hermetically sealed to prevent the entrance of moisture or the leakage

of impregnant, which would contaminate the connectors.

To insure the high reliability of this design, considerable emphasis

was placed on the compatibility of materials, structural integrity,

sealing, and manufacturing control and testing.

II. MAGNETIC COMPONENTS

2.1 Introduction

The L5 system required the development of a wide variety of mag-

netic components numbering in excess of 100 different experimental

designs. This number includes original designs, subsequent improved

versions, and redesigns that reflected changing circuit concepts or

requirements. Ultimately, about 50 apparatus codes were issued to

specify these designs for manufacture. Many additions to existing

code series of magnetic components were also made available for L5

applications, but these are not discussed. The adjustable, air-core,

precision inductors specified for the manufacture of many of the trans-

mission networks developed for L5 are an example of magnetic com-

ponent designs based on existing code series.

Coded transformers and inductors appear in all segments of the L5

repeatered line. Frequently, these components are associated with

thin-film circuits and, as a result, miniaturized designs had to be made

available. Development of inductor structures for such applications,

however, predated the development of the L5 system, and, as a result,

emphasis is placed here on the development of various types of trans-

formers. Many transformer designs for the line repeaters required

pin-type terminals for interconnecting and mounting on pwb's or

thin-film substrates. These transformers are discussed in Section 2.2,

Repeater Components.
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Magnetic components intended for terminal applications are fre-

quently used in complex arrays to develop hybrid trees arranged for

coaxial interconnection. The different methods used to establish an

interface between the magnetic components and the circuitry of the

system reflected not only on the problem of physical design, but on

the problem of electrical realization as well. Requirements on the

individual transformers constituting the hybrid trees had to be

tightened to meet overall system performance criteria. As a result,

these magnetic components had to be built out with resistors and

capacitors to form what are, in effect, special types of transmission

networks. Although this type of component is also used to a limited

extent in the regulating and equalizing repeaters, a representative

design is described in Section 2.3, Terminal Components. Finally, since

measurement limitations and techniques were important to all classes

of designs, these are discussed separately in Section 2.4.

2.2 Repeater components17

The amplifiers in the basic and regulating line repeaters make

extensive use of bridge-type feedback, 23 which offers the advantage

of making the n(3 loop independent of the line impedance Ordinarily,

the disadvantages of bridge-type feedback are the extreme impedance

levels and the power consumed in the bridge arms used to secure a

bridge balance. Both of these limitations, however, may be overcome

by use of hybrid transformers. Because of the very tight limits,

typically ±0.02 dB, placed on reproducibility over the 1- to 70-MHz

passband, transmission-line design techniques24 were extensively

adapted to the design of hybrid transformers. These designs specify

pairs, triplets, or quadruplets of insulated magnet wire twisted uni-

formly together and wound around a ferrite core. At low frequencies,

this arrangement behaves like a conventional transformer, but at high

frequencies, where parasitic elements predominate, the device behaves

like a transmission line. If the winding inductance and capacitance

have been properly proportioned, this approach results in greater

bandwidth than can be obtained from a conventional transformer

design.

In the case of a two-winding transmission-line transformer operating

between equal impedances, the characteristic impedance of the line,

Z = VL/C, should be made equal to the terminating impedance.

Under these conditions, the transformer would theoretically have

infinite high-end bandwidth. However, the output hybrid of the basic-

repeater power amplifier was required to operate between an amplifier
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impedance of 50 ohms and a line impedance of 75 ohms with the feed-

back-port impedance equal to 150 ohms. Since the transmission line

used to realize the hybrid could not simultaneously assume all these

different values, the best compromise was to make Z equal to the geo-

metric mean of the output impedances, or 106 ohms. The ratios of the

terminating impedances also forced the use of a trifilar winding. The

impedance properties of such windings were studied for various wire

gauges, twist rates, insulation thicknesses, and materials. Ultimately, a

transmission line made from three strands of awg 40 polyurethane-

insulated wire, combined at a rate of 35 twists per inch, was selected.

Although other combinations would have produced the same Z , the

high twist rate was used because it resulted in the best uniformity from

model to model. The schematic diagram and transmission charac-

teristics of the output hybrid are shown in Fig. 28. The divergence in

insertion-loss characteristics at high frequencies is the result of the

compromise value of impedance selection for Z .

Although transmission-line transformers were preferred from a

component-design standpoint, they could not always be used because

their feedback-port impedance must be an integral multiple of both

the amplifier and line impedances. To overcome this constraint,

conventional layer-wound hybrid transformers were used at the input
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Fig. 28—Schematic and insertion-loss characteristic of output hybrid for basic

repeater power amplifier.
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OUTER RIM

-BOBBIN

Fig. 29—Transformer structure for conventional layer-wound hybrids using D-
cores.

and output of the basic-repeater preamplifier. The initial estimates of

the impedances both transformers would be required to match were

75 ohms at the line port, 60 ohms at the amplifier port, and a "low"

impedance at the feedback port. Various ratios were evaluated, and
the final ratio selected was 75:65 + 28 ohms, which results in a feed-

back-port impedance of 19.6 ohms.

To provide the best consistency in a layer-wound transformer, a

structure that includes a winding bobbin is preferred. Bandwidth
considerations, however, dictate that the structure would have to

approach the efficiency of a toroid having a winding wrapped directly

on the core and extending around its entire periphery. Core and

winding dimensions, therefore, are nearly coincident. The D-core

shown in Fig. 29 was chosen because the large area of the outer shell

produces a low magnetic reluctance. This means that the center-leg

length and area control the magnetic properties of the core. Since the

winding bobbin fits directly over the center leg, the winding dimensions

are only slightly larger than the effective core dimensions, and the

structural efficiency approaches that of the toroid.

TRANSMISSION NETWORKS 2241



Evaluation of amplifier models revealed that their high-frequency

gains were extremely sensitive to parasitics in the transformer wind-

ings. Requirements specified a ±0.02-dB reproducibility from model to

model up to 70 MHz. Stringent winding procedures and in-process

checks were required to obtain this control in a conventional trans-

former. Wire gauges and pitches were selected to provide smooth,

even, single-layer windings. Carefully controlled paper insulation was

used between the most critical windings to insure that the parasitic

capacitance could be held to within ±5 percent, which is three times

more stringent than normal manufacturing tolerances. Several different

types of winding machines were evaluated to obtain one capable of

providing the controlled-pitch and constant-tension features required

to maintain performance tolerances.

2.3 Terminal components 1
-
25

One of the more difficult designs required for terminal applications

was a 75:300-ohm, unbalanced-to-balanced transformer intended for

use in the jmx modulators. The insertion loss of this transformer was

to be held flat to within ±0.1 dB from 0.5 to 70 MHz, and the balance

of the center-tapped winding was to exceed 50 dB from 0.5 to 90 MHz.

Originally, separate designs were proposed for each jumbogroup

because no core material was available that would permit simultaneous

realization of these two requirements. In addition, an ability to main-

tain a balance of the required magnitude over this broad bandwidth

had not been demonstrated at these high frequencies. After carefully

studying the balance problem, however, it was felt that if an adequate

core material could be developed and the mounting structure rede-

signed, it would be possible to cover the entire range with a single

design by employing carefully positioned toroidal windings. The

balanced winding consists of seven turns of a bonded pair of wires

spaced evenly around the periphery of the core. These windings were

then connected in a series-aiding fashion to complete the center-

tapped 300-ohm winding. The 75-ohm winding was spaced between

adjacent bonded turns and all leads carefully dressed, resulting in a

sufficient degree of structural symmetry to maintain the balance.

Simultaneously, a new core having the necessary properties was

developed and the required mounting structure realized in a new

physical design.

Hybrid transformers, to provide combining and splitting functions

at a 75-ohm impedance level, were required for several different

applications in the L5 system such as lpss-3, the E3 equalizer, line-

connecting arrangements, and jmx circuits. Mounting and coaxial-
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connector variations resulted in four distinct physical designs, as

shown in the photographs of Fig. 30. The basic electrical building

block consists of a transmission-line hybrid and an autotransformer

interconnected as shown in Fig. 30a. With reference to that schematic,

autotransformer Tl matches the 75-ohm input at jack Jl to the

37.5-ohm impedance at the center tap of hybrid T2. It is wound with a

twisted-pair wire whose characteristic impedance ZQ = V75 X 37.5

= 53.0 ohms to optimize performance. Since the impedances to be

matched differ by 1:2, the tap must be placed at a position correspond-

ing to 1 : VZ. This means that the windings cannot consist entirely of

twisted-wire transmission line, but must include some free turns.

These are created by partially decomposing the twisted bundle, with

best results obtained by minimizing the number of free turns.

The hybrid T2 has a 2 : 1 turns ratio and is wound with a twisted

pair having a characteristic impedance of 75 ohms. The network

terminating resistance R has a value slightly greater than the ideal

150 ohms to account for transformer core losses, and the capacitor C
enhances the high-frequency response of the device. The electrical

performance achieved by these components over the 1- to 70-MHz
frequency range is as follows : (i) the transmission loss from input to

either output is 3.10 ± 0.05 dB, {it) the trans-hybrid loss between

conjugate output ports is greater than 30 dB, and (in) the return loss

at any port is greater than 26 dB. In addition, the two output ports

of any individual hybrid track to within 0.02-dB loss and 0.5-degree

phase shift. An ideal hybrid would have 3.01-dB transmission loss,

infinite trans-hybrid and return losses, and perfect flatness and track-

ing, with both outputs exactly in phase with each other and the input.

In addition to their use as individual hybrids, particular pairs of

these transformers may be grouped to form large n-port arrays or

"trees." The transformers in Fig. 30b use standard Bell System

coaxial plugs and jacks so arranged that they may be interconnected

directly. The transformers in Fig. 30c use miniature coaxial connec-

tors and may be formed into trees by cabling them together. To reduce

the number of interconnections required, the hybrid at the right of

Fig. 30c, a dual hybrid, has an input, one — 3-dB output, and two
— 6-dB outputs. The hybrid at the left of Fig. 30c is a single hybrid

of the type shown in Fig. 30a.

2.4 Transmission measurements

The ±0.02-dB reproducibility of insertion loss required for many
L5 magnetic-component designs could not be guaranteed initially by

direct measurements because neither the test set nor the apparatus
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Fig. 30^—Hybrid transformers for L5 terminals, (a) Building-block schematic,

(b) Hybrids with Bell System coaxial connectors, (c) Hybrids with miniature coaxial

connectors.
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under test exhibited a return loss compatible with this extremely

tight limit. Instead, a system was used in which a set of transformers

known to have the proper characteristics in an amplifier was used to

calibrate a test fixture. The calibrated fixture was then used to measure

product. To guard against changes in the fixture or measurement

system, however, these measurements were correlated to those made

on reference transformers whose histories were well known. When
either fixtures or reference units needed replacement, the appropriate

steps in the calibration and correlation processes were repeated.

Meanwhile, a program to provide improved measurement capability

for these devices was begun.

To have a reproducible base line for loss measurements on cotms, 3

a simple strap between the transformer input and output ports of the

test fixture was used. While this introduces reflections because these

ports often have different impedances, it is the simplest and most

consistent method of eliminating differences in test sets, connectors,

and cables. Furthermore, with sufficient padding close to the cotms

ports of the fixture, satisfactory base-line reproducibility can be

obtained. Accordingly, alternate measurement schemes were discarded

in favor of upgrading the existing approach.

The test fixtures were originally constructed with ordinary pwb's.

The contacts to the pin-type transformer terminals were made with

miniature spring sockets, and the interconnection to the test set used

Bell System coaxial connectors. The resistive pads used to match the

transformer impedances to the cotms ports were made with various

types of discrete resistors for the different transformer codes. It was

recognized very early that the required reproducibility of measure-

ments would be difficult to maintain in a production environment with

this type of test fixture. Coaxial connectors can introduce impedance

discontinuities, and spring sockets can become contaminated or wear

out with frequent use. When replaced, resistive pads are often damaged

by the heat of soldering and change value. In addition, the associated

parasitic electrical element values are a function of exact mechanical

configuration and placement which are difficult to control.

Improved designs of the spring contacts and of the coaxial connectors

were introduced to improve the performance of the test fixtures.

Knife-edge contacts with force-free insertion were used to replace the

former, while the latter were superseded by precision 50-ohm versions.

As the next step, the pwb was replaced by an alumina substrate

having controlled dielectric properties. Tests quickly indicated new

problems. Because of the higher dielectric constant of the substrate,
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the effective electrical length of the connections increased significantly,

causing difficulty with crosstalk and reflections. The chip resistors,

which were chosen for the matching pads, changed value on soldering

and caused reproducibility and rework difficulties. A final design

evolved in which the path lengths of the microstrip connections on

the substrate were reduced to a minimum and the resistors realized

as thin-film elements. This arrangement permits high accuracy in the

adjustment of resistance values, makes parasitic elements closely

reproducible, and eliminates the repair operations that had been

required with the original fixture design. External connection problems

were further reduced by coupling the coaxial connectors to the substrate

via precision spring-loaded microstrip launchers. These new fixtures,

shown in the exploded view of Fig. 31, have attained a reproducibility

of better than ±0.01 dB.

III. CONCLUSION

Transmission networks and magnetic components are among the

least visible components of the Lo system. Despite this lack of visi-

bility, these components serve vital systems functions. Many of these

functions are reviewed in this paper. The principal objectives of the

paper, however, are to record those state-of-the-art advances that

have contributed to the success of the L5 system, and to identify those

allied technologies that have influenced network and magnetic com-

ponent development. The influence of the computer in analysis and

synthesis, precision measurement, and optimization is stressed, and the

added influence of development in the piezoelectric device and mag-

netic materials areas has been noted. In many instances, developments

in these allied technologies predated the L5 system and resulted from

a general philosophy of "tool building" initiated, specifically, to have

these technologies keep pace with future systems and component-

development needs. Without such a philosophy, L5 requirements

could not have been met on schedule.
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